ABSTRACT Despite LEDs robustness against aging, it is known that silver-plated components in mid and low power LEDs suffers premature degradation when exposed to Sulfur-or Chlorine-compounds, even at low concentration. This issue can be particularly severe in LED luminaires, where also reflectors can be silver-coated. In this paper we describe a novel solution based on a getter powder able to effectively and irreversibly trap the noxious gases and prevent silver tarnishing.
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In the recent years LED packages and LED based products have been adopted in a wide variety of applications. Generally their robustness and durability are well appreciated features, but it is known that if they are exposed to harsh environmental conditions and to aggressive gaseous contaminants a premature degradation of the performances can occur. In particular relatively high concentrations of Sulfur-compounds or Chlorine-compounds can be detrimental 1) to LED systems and LED luminaires used in outdoor applications, such as street lighting, tunnel lighting, in automotive lighting and in industrial lighting. In polluted areas the concentration of H 2 S, SO 2 , COS (Carbonyl Sulfide) and other contaminants can be much higher than 100 ppb 2) inducing accelerated corrosion, tarnishing and blackening on the silver conductive patterning or reflector cups in the LED packages. The presence of moisture and of heat tends to enhance the sulfidation mechanisms. The formation of silver sulphide (or of silver chloride) may cause a significant reduction of the light reflected and extracted from the systems, leading to evident color shift. Eventual catastrophic electrical failure can be also expected if silver contacts are employed.
Sometimes these problems are observed even in indoor modules and luminaires due to unexpected high levels of pollutants or to specific undesired sources.
In some cases materials or components used inside the LED modules and fixture, such as solder paste, PCBs, O-rings, gaskets can be sources of significant amounts of these contaminants. However, most of the issues described above are known to be caused by the permeation of S-compounds through the sealant, the venting membranes, the gasket or the O-ring. These materials are easily permeable to S-compounds such as H 2 S and SO 2 and their concentration in the inner volume increases during the lifetime of the system. Moreover, S-compounds have also been reported to have been originating from shipping materials (cardboard, corrugated cartoon boxes and duct tape) employed for the packing and the storage of LEDs chips and LEDs modules.
In this work we present a recently developed getter solution suitable to be applied in sealed or partially sealed LED systems and to efficiently remove the corrosive contaminants and to prevent the degradation of the luminous performances. The getter is designed in such a way that when mounted in the inner volume of the devices it is able to quickly sorb the sulphur-or chlorine impurities for all the expected lifetime.
In order to test the effects of sulphur compounds on the lighting devices as well as on the getter, two different sets of experiments are carried out: electro-optical measurements are performed to determine the timeframe and the entity of lumen depreciation on commercially available silver-containing LEDs chips when exposed to H 2 S (Figure 1 ). The second set of experiments is devoted to the characterization of the Getter performances in terms of sulphur sorption capacity and kinetics in comparison to pure silver ( Figure 2) .
In both cases we use as sulphur source a gas chamber containing hydrogen sulphide (H 2 S) diluted in a mixture of Helium and Nitrogen. In particular the gas supplied by the cylinder is He with 49.1 ppm of H 2 S, certificated within 5% accuracy. The gas is then mixed with a nitrogen flow from the line, at 8%Vol/Vol, thus the final concentration is about 4 ppm of H 2 S: this concentration level of the corrosive gas is significantly higher than that present in nominal environmental conditions (which can range from a few ppb to a few hundred ppb), but is useful for accelerated tests. In the experiment marked as with moisture , the nitrogen is fluxed in a water-saturated chamber before its injection in the sample-chamber. The gas flux is kept constant at 225 cm 3 /min during the LEDs aging and during getter exposure. The samples (LEDs, silver disks and getter strips) are thus placed in the sample chamber for a certain amount of time and then analysed (electro-optically or chemically).
For electro-optical characterizations we use a 30 cmdiameter integrating sphere equipped with an HAAS-2000 spectro-radiometer from EverFine. The power supply is a LED300E driver also from Everfine. The optical results presented in the following graph are the average of three measurements on 2 devices per each point. All measurements are performed out-of-line at room temperature/environment (in pulsed mode, to avoid severe self-heating). After each measurement, the LEDs are incubated for further aging. In this study we use high-efficacy low-power LEDs with silver plated subcomponents. The silver surfaces of the subcomponents are intended to collect the portion of light generated from the back side of the LED chip and redirect them towards a specific, desired direction. It should also be noted that Silver is also employed as electrical conductors. As indicated in literature, tarnishing or corrosion of these silver parts in aggressive environment induce worsening of optical performances which lead to eventual device failure.
Concerning getter and silver characterization, gas content analysis for sulphur determination are performed by means of the LECO CS444 analyser. In this case the measurement is destructive, thus the curves are plotted from data obtained by measurement on different samples.
As presented in Figure 1 , the exposure to few parts per million of H 2 S gives a not-negligible effect on the LED optical performance even before a hundred hours of operation. In particular, we have observed a 1% lumen loss of the original flux in about 30 h. The effect is accelerated by the ambient temperature (at 80 C the rate of lumen loss is almost doubled). We have seen, however, that there is no apparent kinetic variation due to the presence of moisture. A comparison of the emission spectra indicated that there is a large intensity loss in the yellow-red spectral region, corresponding to a color shift of 20 K.
From this set of data it is clear that sulphur compounds would have catastrophic impact which would pose a non-negligible challenge to lighting devices rated for long service life such as 50,000 h. Polymeric barriers and gaskets exhibit very high sealing properties between the ambient atmosphere and the interior of the lighting system on the short-run. However, in the medium to long-run, these materials typically exhibit permeation, leading to an accumulated concentration of S-compounds in the inner volume of the system. Such concentration leads to an accelerated degradation in lumen output during the lifetime of the system. The getter we present is a novel material developed and tailored on this specific application requirement and constrains. The gettering action is based on an irreversible chemical reaction between the gas and the active powders, thus the sulphur molecules are sequestrated regardless of the temperature achieved in the lamp luminaire. Differently from physical adsorption interaction exploited in molecular sieves, here the equilibrium pressures are well below any detectable limit in the full range of temperatures achieved by the LEDs. The getter particles are embedded in a suitable matrix. The high reactivity of the active powder, gives rise to fast sorption kinetics which is able to hinder silver tarnishing. It is important to note that the getter competes with the silver for sulphur sorption. Therefore, it is important that overall kinetics on the getter exceed capability of the materials on the LED package to interact with noxious gases. It should also be noted that the particular getter we developed does not require any specific activation treatment and will exhibit sorption activity immediately after it is exposed to the environment. Figure 2 represents the results measured on a patch of getter when exposed to the H2S-polluted atmosphere at room temperature. Just after few hours of operation the getter was able to collect approximately 100 µg/g (wt of sulphur/wt of getter), which exceeds 1000 µg/g in about 20 h. On the contrary, small disks of silver with surface area in the same range of the getter patch apparent surface (~cm 2 ), exposed to the same H 2 S conditions, exhibited a Sulphur increase signal below detection limit (5 µg/g) even after 40 h. The graph reports two curves corresponding to fresh getter (i.e., getter just extracted by the envelope and placed under H 2 S flux) and getter aged for 17 h in normal atmosphere. The two measurements give comparable results, with the aged sample even more performing with respect virgin specimen. This test has been designed to emulate an exposure condition which may be similar to what occur to a getter during assembly and production of the lighting system. We assumed that the getter may be exposed for a certain period of time in atmosphere during production. Our results indicate that the getter is capable of preserving its sorption characteristics despite exposure to normal atmosphere for a certain amount of time.
However, considering the fact that the getter capacity is not infinite and also exhibits affinity other gases such as moisture which is present in nominal atmospheric conditions, long-term exposure of the getter to normal atmosphere should be avoided. In addition it is important to take into account the fact that the getter is able to maintain long-term gettering in semi-sealed LED luminaries but would exhibit relatively short term (tens to hundreds of hours) maintenance of its characteristic in non-sealed systems.
In this paper we present data on the effects on H 2 S on LED packages employing silver. It is shown that, under test conditions with 4 ppm of this contaminant, the lumen depreciation is evident already in the first tens of hours and a lumen loss of about 5% is seen in about 100 h. On the other side, when comparing the sulphur absorption through chemical characterization in pure silver with respect to Sulphur getter, we observe no sorption signal in the former while a noticeable sorption of sulphur compound is observed in the latter (from hundreds to a thousand of µg/g in less than 20 h).
The tests unambiguously demonstrate that proposed Sulphur-getter has fast kinetics and adequate capacity to preserve LEDs from sulfidation when a limited amount of sulphur is introduced into the system. The appropriate dimensioning of the getter may provide either a long-term beneficial effect on sealed or semisealed luminaires. At the same time, proper getter configuration may also provide short-term protection of packaged LED devices corrosive gases during exposure to detrimental conditions such as storage, handling and installation.
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